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Abstract 
Magnetotactic bacteria synthesize a uniform-sized and regularly shaped magnetite 
crystal in a bacterial organelle termed a magnetosome. The milieu of the magnetosome 
lumen must be regulated to mineralize magnetite crystals. Here, I established a method 
for measuring pH in the bacterial magnetosome organelle within a living 
Magnetospirillum magneticum AMB-1 cell using the pH-sensitive fluorescent protein 
E2GFP. To estimate the pH of a single living cell, emission spectra excited at 488 nm 
were obtained from E2GFP-fused-proteins expressed cells using a highly inclined and 
laminated optical sheet microscope equipped with a grating spectrometer. Cytosolic and 
periplasmic pH were estimated using E2GFP and NapA1-34- E2GFP, respectively. 
According to the microscopic analyses, the pH values of the cytoplasm and periplasm 
were estimated to be 7.6 and 7.2, respectively. Moreover, I used Mms6-E2GFP and 
MamC-E2GFP to estimate pH in the magnetosome lumen and cytoplasmic surface of 
magnetosome, respectively. The pH in the magnetosome lumen differed depending on 
the growth phase, whereas the growth stage had no effect on that at the magnetosome 
surface. The pH in the magnetosome lumen showed significant increase during the 
exponential growth phase when magnetosome formation is highly activated. In this 
study, I succeeded, for the first time, in measuring pH in the bacterial magnetosome 
organelle within living cells. 
 
Introduction 
Magnetotactic bacteria are ubiquitous aquatic 
eubacteria that possess the ability to navigate 
along the Earth’s magnetic field for reaching their 
favorable microaerobic habitat (Uebe & Schüler, 
2016). The unique capability to sense magnetic 
fields relies on “magnetosomes” which are 
biotically synthesized magnetic nanoparticles 
enveloped with phospholipid bilayer vesicles (Fig. 
1). 
Fig. 1 Transmission electron microscopic 
images of magnetotactic bacterium 
Magnetospirillum magneticum AMB-1 
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Although the detailed process of magnetosome formation remains unclear, the 
following proposed processes are generally accepted (Uebe & Schüler 2016) (Fig. 2). 
First, magnetosome vesicles are formed throughout the cell by invagination of the 
cytoplasmic membrane. Second, iron is transported from the cytoplasm into the 
magnetosome vesicle by iron transporters localized in the magnetosome membrane. 
Third, a single magnetite crystal is nucleated in the magnetosome lumen; then, a 
regular-shaped cuboctahedral magnetite crystal is grown until it reaches approximately 
50 nm in diameter. It has been clarified that each of these steps is precisely controlled 
by the genes in MAI. A spontaneous deletion of the MAI included the mamAB, mms6 
and mamGFDC operons caused an inability to form magnetosomes (Ullrich et al., 
2010). Furthermore, the gene deletion analysis of the MAI in M. magneticum AMB-1 
revealed that the mamAB operon are essential for magnetosome formation, whereas the 
deletion of the gene regions including parts of the mamGFDC and mms6 operons led to 
severe defects in the size and morphology of the crystals (Murat et al., 2010). This 
suggested that the mamAB operon may contain the minimum genes to form 
magnetosomes (Murat et al., 2010).  
 Magnetite crystals biomineralized in magnetotactic bacteria have remarkable 
features: homogeneity in size and morphology, and single magnetic domain structure, 
ensuring high performance of magnetosomes as magnetic sensors. Magnetite 
biomineralization requires several processes including iron uptake from the external 
environments, transport of iron into magnetosome vesicle, magnetite crystal nucleation 
Fig. 2 Model of magnetosome formation and magnetite biomineralization. 
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and crystal growth (Fig. 2). However, the detailed mechanism underlying magnetite 
crystal formation in the magentosome vesicle remains unclear. The internal environment 
of the magnetosome, including pH and redox potential, should be well-controlled for 
the synthesis of a magnetite crystal. However, no study has reported the evaluation of 
the magnetosome lumen environment. Here, I investigated pH in cytoplasm, periplasm 
and magnetosomes of a living magnetotactic bacterium Magnetospirillum magneticum 
AMB-1 using the pH-sensitive fluorescent protein E2GFP (Bizzarri et al., 2006) as a 
fusion protein (Fig. 3). 
 
Measuring intracellular pH using pH-sensitive fluorescent proteins 
 I measured the pH of a single living cell using highly inclined and laminated 
optical sheet (HILO) microscopy equipped with a grating spectrometer. Cytosolic and 
periplasmic pH were estimated using E2GFP and NapA1-34- E2GFP, respectively. To 
measure the periplasmic pH of AMB-1, the N-terminal signal sequence of NapA (Taoka 
et al., 2003), which is the catalytic subunit of periplasmic nitrate reductase from AMB-1, 
was used for periplasmic targeting of E2GFP. The N-terminal 34-amino acid sequence of 
NapA, NapA1-34, contains the predicted signal sequence for the Tat pathway (Taoka et 
al., 2003). The cytoplasmic and periplasmic pH values were estimated using the E2GFP- 
and NapA1-34-E2GFP-expressing cells (n = 65 and 74, respectively) that were harvested 
Fig. 2-1 Schematics of intracellular pH measurements using E2GFP fusion proteins 
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from the stationary growth phase cultures. The cytoplasmic and periplasmic medians of 
pH values were 7.6 and 7.2, respectively (Fig. 4), and the cytoplasmic and periplasmic 
pH distributions were significantly different (Mann–Whitney U test; p < 0.001). The 
cytoplasmic pH values were >7, whereas the periplasmic pH was widely distributed 
between 6.3 and 8.2 (Fig. 4). 
 Next, I estimated pH values inside and outside (cytoplasmic surface) the 
magnetosome vesicle. For this, C-terminal E2GFP-fused magnetosome-associated 
membrane proteins Mms6-E2GFP and MamC-E2GFP were used for targeting E2GFP to 
the inside and outside of the magnetosome vesicle, respectively (Fig. 3). Both Mms6 
and MamC (also called Mms13) are magnetosome-associated transmembrane proteins 
involved in controlling magnetite crystal shape in the magnetosome vesicle. Mms6 has 
a single transmembrane helix, and is involved in the biomineralization of 
cubo-octahedral magnetite crystals both in vitro (Arakaki et al., 2003; Amemiya et al., 
2007) and in vivo (Tanaka et al., 2011; Yamagishi et al., 2016). It has been demonstrated 
that the C-terminal region of Mms6 strongly binds magnetite crystal in the 
magnetosome vesicle (Arakaki et al., 2003; Amemiya et al., 2007). On the other hand, 
MamC has two transmembrane helices, and the loop region between the helices 
contains an iron-binding site (Nudelman et al., 2016). Moreover, a protease protection 
assay using luciferase fused to the C-terminus of MamC indicated that it localizes on 
the cytoplasmic surface of magnetosomes in M. magneticum AMB-1 (Yoshino & 
Matsunaga 2006). Therefore, the E2GFP-fused C-terminal regions of Mms6 and MamC 
should be localized inside the magnetosome vesicle and on the cytoplasmic surface of 
the magnetosome vesicle, respectively (Fig. 3). 
 I also estimated the pH values inside and outside the magnetosome using HILO 
microscopy equipped with a grating spectrometer. Interestingly, the pH values estimated 
using Mms6-E2GFP (inside vesicle) were specifically altered during the growth phase. 
The median pH inside the vesicle was 7.4 and 7.0 in the exponential and stationary 
growth phases, respectively (Mann–Whitney U test; p < 0.001), whereas that outside the 
vesicle did not significantly differ between the growth phases (Mann–Whitney U test; p 
= 0.7) (Fig. 2-12, and Table 2-4). These results demonstrated that magnetosome vesicles 
were specifically alkalinized in the exponential growth phase.   
 I assessed pH values in the magnetosome lumen and on the cytoplasmic 
surface of magnetosomes using Mms6-E2GFP and MamC-E2GFP, respectively. This is 
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the first report regarding pH measurement in the magnetosome. Interestingly, the pH in 
the magnetosome lumen increased during the exponential growth phase, whereas that 
on the cytoplasmic surface did not change between the exponential and stationary 
growth phases (Fig. 5). Generally, the number of crystals in cells are reduced and the 
magnetism of cells is decreased during the exponential growth phase because of cell 
division, but they recover during the late exponential/early stationary phase; thus, 
crystal synthesis occurs in cells during this stage. The increasing pH in the exponential 























Heme c binding sites of magnetosomal cytochrome MamP are essential 
for magnetite synthesis 
 According to mutagenesis studies, the mamAB operon encoded three putative 
Fig. 4 Box plots of pH in the cytoplasm 
and periplasm. Solid lines in boxes indicate 
the median pH values. The asterisk 
represents statistical significance in the 
Mann–Whitney U test (p < 0.001). 
Fig. 5 Box plots of pH distributions on the 
cytoplasmic surface of magnetosome 
(MamC-E2GFP) and in the magnetosome 
lumen (Mms6-E2GFP) during the exponential 
and the stationary growth phases. Solid lines 
indicate the median pH values. The asterisk 
represents statistical significance in the 
Mann–Whitney U test (p < 0.001). 
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heme c binding proteins, MamE, MamP, and MamT, that were implicated in controlling 
the crystal size and/or number (Murat et al., 2010; Siponen et al., 2013). These proteins 
have two putative heme c binding motifs (CX1X2CH) designated the ‘magnetochrome’ 
domain (Siponen et al., 2013). Heme c is a molecule involved in transferring electrons, 
which either reduce or oxidize other molecules. This process is important to MTB 
because magnetite (Fe2O3FeO) is composed of ferric (Fe3+) and ferrous (Fe2+) ions, so 
it is necessary to control the redox states of iron during the growth of magnetite crystals. 
Therefore, these putative magnetosomal hemoproteins could be directly relevant in 
electron transfer to oxidize or reduce mineral intermediates ferrihydrite such as 
bacterioferritin or hematite (Staniland et al., 2007; Fdez-Gubieda et al., 2013).  
 Siponen et al. determined the crystal structure of the soluble form of MamP, 
and demonstrated that MamP is a new type of di-heme c-type cytochrome with only 23 
residues surrounding the hemes, the smallest heme-binding domain known thus far 
(Siponen et al., 2013). Mutational analysis, X-ray crystallography, and biochemical 
analysis revealed that MamP is an iron oxidase that contributes to the formation of 
ferrihydrite which is required for magnetite crystal growth in vivo. The focus of my 
research in this chapter is elucidation of this new type of cytochrome MamP function 
involved in iron biomineralization.  
 To assess the function of this cytochrome on magnetite biomineralization, I 
overexpressed the native MamP protein and the mutated MamP protein (lacking the two 
heme c binding motifs) in wild type AMB-1 cells. When wild type MamP was 
overproduced in AMB-1 cells, the number of magnetite crystals was significantly 
increased during the exponential phase. Whereas, MamPC224A, C268A overproduction 
resulted in significant decreasing in the number of magnetite crystals (P < 0.001, t-test) 
(Fig. 6). These results indicated that the c-type hemes are necessary for the function of 
MamP in magnetite biomineralization. Moreover, MamPC224A, C268A overproduction 
affected on magnetite crystal size. MamPC224A, C268A overproduced cells mineralized 
smaller crystals than wild type cells (Fig. 7). The average size of magnetite crystals 
generated in the MamPC224A, C268A overproduced cells was 15.9 ± 7.3 nm (n = 512). 
There was no crystal with a diameter greater than 45 nm in MamPC224A, C268A 
overproduced cells, whereas 18% of the crystals in wild type cells were larger than 45 
nm in diameter (25.6 ± 13.6 nm, n = 677) 
 When the mamPC224A, C268A gene was overexpressed from plasmids, the native 
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MamP was probably outcompeted by the MamPC224A, C268A, because the overexpression 
of native MamP had no effect on the size of magnetite crystals, while MamPC224A, C268A 
overproduction caused poor crystal growth (Fig. 7). On the other hand, the number of 
magnetite crystals was the same as those in wild type cells without any plasmid, 
therefore, MamP is not likely involved in crystal nucleation, but rather it is involved in 
the growth of magnetite crystals. The effect of over production of MamP C224A, C268A, 
which lacked heme c, on magnetite crystals was similar to the phenotype of the cells 
lacking the mamP gene and that of the mutated MamP protein that lacked the conserved 
acidic pocket which forms the iron binding site essential for MamP activity (Siponen et 
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